This paper records experimental work with animals on the toxicity and mode of action of dinitro-ortho-cresol (DNOC or DNC), a compound widely used in agriculture, and occasionally responsible for the death of men handling it in the field.
among the munition workers who handled it. Both DNOC and DNP were widely used for a few years as " slimming agents ". A number of deaths, as well as many cases of cataract, followed the use of these drugs for this purpose. This earlier work on the toxic properties of DNP and DNOC has been fully reviewed by Magne, Mayer, and Plantefol (1932) , by Tainter and Cutting (1933) , and by Heymans and Casier (1935) . More recently, Ambrose (1942) has published some observations on the toxicity of DNOC, including the effects of repeated injections and the cutaneous application of the drug.
In recent times the use of DNOC in agriculture has been greatly extended. Weak solutions (0-01 %) are used as ovicides for insect pests and applied as "winter washes" to fruit trees. No casualties of any kind have been reported from among the thousands of people who have used DNOC in this way. Stronger solutions containing up to 20% DNOC have also been used as insecticides and sprayed from aircraft to destroy locusts (Gunn, 1948) . Solutions of DNOC (0-5%) are also used as selective herbicides. Such solutions are applied in the early summer to young cereal crops to check weeds. In many cases the solutions have been applied for individual farmers by firms of contract sprayers, among the employees of these firms a number of deaths have occurred within recent years (Hunter, 1950) .
The deaths amongst agricultural workers have shown that there are a number of problems to be solved. These accidental deaths often occurred with dramatic suddenness among men who had been handling the material for a considerable time. The possibility of cumulative action of DNOC, the value of estimations of blood levels of DNOC in diagnosis and prognosis, and the effect of environmental factors, such as a high external temperature, nutritional state, and alcohol consumption required investigation. In this paper these aspects of DNOC poisoning are examined. The distribution of DNOC in blood and tissues of poisoned animals was observed, and an attempt was made to explain the experimental findings in terms of modern biochemistry.
Methods and Materials Estimation of DNOC.-Amounts of DNOC down to 2,ug per g. of tissue or ml. of blood or urine could be recovered and estimated by a simple method of extraction in ethyl-methyl ketone and comparison with standard solutions of DNOC in the same solvent. The method is described in detail elsewhere (Parker, 1949) . This method estimates both the free DNOC, and that bound to blood or tissue protein.
Certain tissues, such as the liver and kidney, contain an enzyme that will reduce DNOC so care must be taken to homogenize these tissues under conditions where this enzyme will not be active. Initially, the tissues were homogenized in dilute caustic soda, but when more was known about the properties of this enzyme, it was found that homogenization in 5 x 10-3 M. cyanide was a satisfactory procedure for inhibiting the activity of the enzyme.
Detection of Products of Metabolism.-The Derrien test was performed in the way described by Magne and others (1932) . Ethereal sulphates were estimated by the method of Senior (1947) , and glucuronides by that of Hanson, Mills, and Williams (1944) .
The animals were kept in metabolism cages, and 24-hour specimens of urine collected under toluene were used for these tests. 1st (10) 2nd (4) 3rd (11) 4th (2) 3-6 2nd (2) 5th (1) 7th (1) 6-5 4th (3) 5th (1) 8-5 4th (1) 21st (1) * Difference between " warm " (1) and " cool " (10 injections) (2a) was highly significant Difference between " warm " (1) and " cool " (20 injections) (2b) was highly significant Difference between " warm " (I) and " cool " (36-45 injections) (2c) Liver.-No sign of cellular damage has been found in the livers of rats killed or dying after either single or repeated injections of DNOC. In animals killed up to 48 hours after the last of a series of injections, the lobular pattern of the liver was lost. The parenchymal cells were swollen and packed together. Special staining showed them to be filled with glycogen. When the rat died of acute poisoning, the findings were variable; of 18 livers from such animals, eight had little or no glycogen, while 10 showed increased storage of glycogen. There was no increased storage of glycogen in the tubules of the kidney, in the adipose tissue or in heart muscle. The mitochondria of the liver cells, stained by Altmann's method, were apparently normal, but when the cells were packed with glycogen, the mitochondria were distributed round the periphery and round the nucleus.
Lungs.-When animals died after DNOC or were killed when showing symptoms, there was an intense pulmonary congestion and slight pulmonary oedema.
Adipose Tissue.-In two special experiments the adipose tissue of the testicular omentum and interscapular pad (brown fat) were examined. No histological changes could be detected in the fatty tissue even after a series of 15 daily injections.
The spleen, thymus, thyroid, cardiac and voluntary muscle showed no consistent or unusual variation from the normal. Fate of Injected DNOC.-The existence of a simple and accurate method for estimating small quantities of DNOC in the tissues and body fluids enabled the distribution of DNOC after its subcutaneous injection to be studied.
Blood Levels.-The blood level of DNOC was determined in rabbits, rats, cats, and dogs after the subcutaneous injection of DNOC. Over 90% of the DNOC was in the plasma, and only small quantities were found in the red blood cells. It was possible to take serial samples from the larger species, but as a minimum of 2 ml. of blood was required, a rat had to be sacrificed to obtain enough blood for each determination. The figures for blood levels in rats were obtained by taking the mean value for the blood samples from a group of four rats which had been similarly treated, and had been killed at the same time.
Curves showing the changes in blood level after a single injection of DNOC given to rats, rabbits, dog, and cat are given in Fig. 1 . The curves are exponential in character. The rate of fall in the blood level of DNOC differs in the various species. The time taken for the DNOC level in the blood to fall to half its initial value after a single injection of 10 mg. DNOC per kg. is in the rabbit about three hours, in the rat 15 hours, in the cat 20 hours, and in the dog 36 hours.
It will be seen in Fig. 1 that after 24 hours the blood level in the rabbit is virtually zero. If the rabbit is given a series of injections on successive days, the rate of fall in the blood level of DNOC remains unchanged on each successive day (Fig. 2) . In the rat, the rate of fall after a single injection is slower and as much as 30 Vg per ml. of DNOC remains in the blood 24 hours later. Despite this residue in the blood it is not possible to produce a progressive rise in the blood level by giving a series of injections at 24-hour intervals. If the rats are given a second injection 24 hours after the first injection of DNOC, the blood level still falls to the same level 24 hours after the second dose as it did after the first dose. The dog behaves in the same way as the rat, and when given a series of daily injections of 10 mg. per kg. on five successive days, the blood level 24 hours after each injection did not fluctuate significantly.
Furthermore, it was found that after the administration of DNOC had stopped, the rate of disappearance of DNOC from the blood of the dog was exactly the same whether the animal had received one or a number of daily injections beforehand The lower curve shows the rate of fall of DNOC in serum following a single injection 24 hours before the first sample was taken.
group.bmj.com on May 3, 2017 -Published by http://oem.bmj.com/ Downloaded from (Fig. 3) . The rat behaves in a similar way (see below and Table 3 ). There is no evidence of an accumulation of DNOC in the blood of dogs, rats and rabbits receiving a series of daily injections of DNOC.
The persistence of a certain amount of DNOC in the circulating blood, 24 hours or more after the last injection of the drug in the dog and the rat, does not reflect any greater susceptibility of these species to further injections. DNOC is cleared much more rapidly from the blood of the rabbit than from the rat. But if rats and rabbits are given hourly injections of DNOC in doses of 5 mg. per kg. they both behave similarly. The same total dose, 25 to 35 mg. per kg., is lethal to each species and they die with blood levels of approximately the same height (125 ,g per ml.).
One explanation of the persistence of an appreciable part of the injected DNOC in the blood of the dog and rat for some days, is that this DNOC is fixed to the circulating plasma protein, and that it is only slowly released from this attachment. DNOC will readily attach itself to serum proteins in vitro. But there is no evidence from in vitro experiments that the-plasma protein of the rabbit was less efficient in binding DNOC than the rat.
Thus, at a concentration of 100 [±g DNOC per ml. in 5 ml., 1 ml. of rabbit serum adsorbed 65%/ of the DNOC whereas 1 ml. of rat serum only adsorbed 48%. The explanation of the more rapid disappearance of the DNOC from the blood of the rabbit must be independent of the power of the plasma protein to bind DNOC. Distribution of DNOC in the Tissues.-Rats were given a subcutaneous injection of 10 mg. per kg. and killed by guillotine at intervals afterwards. The amount of DNOC present in the serum and in the brain, spleen, kidney, liver, muscle, heart, and lung was determined. The results are given in Table 2 .
It will be seen that the concentration of DNOC in the serum is outstandingly high by comparison with that in other tissues. The high figures for the DNOC content of the lungs and heart may have been due to their relatively high blood content in relation to the weight of the whole organ. The heart was removed in toto, and dropped into the tube for homogenization without any preliminary washing to free its cavities from blood. It will be seen that there was no evidence of the accumulation of DNOC in any particular tissue.
From a knowledge of the weights of the different tissues and organs, and assuming the blood to be 6% of the body weight, it was possible to calculate that within 30 minutes of the injection of 1-5 mg. DNOC, 0-725 mg. could be recovered from the animal, and 83% of this was in the blood. After six hours 0 37 mg. could still be accounted for, and at least 72% of this was in the blood. By this time all the acute symptoms of poisoning had disappeared.
The DNOC content of the liver and kidneys of rats was also determined in animals that had received a long series of daily injections of 20 mg. DNOC per kg. The figures are given in Table 3 , and show that the concentration of DNOC in the blood, liver and kidneys, 24 hours after the last injection of a dose of 20 mg. per kg. DNOC was the same in animals receiving a single injection as in those that had received 40 successive daily injections.
In other animals the levels in the liver, kidney, and blood were compared 24 and 48 hours after the last injection of DNOC, and again there was no difference in the rates at which the animals could rid their tissues of DNOC whether they had received one or 40 successive injections. There was thus no evidence of accumulation of DNOC in the tissues or, after long exposure to DNOC, of any alteration in the rate at which the animal metabolised DNOC.
Excretion.-The excretion of DNOC in the urine of rabbits and dogs that had received either single or multiple injections of DNOC was studied. The total quantity of DNOC administered ranged from 0-5 to 80 mg. The urine was collected during the days the injections were given, and for the three days succeeding the last injection. Between four and 10% of the total DNOC injected was recovered from the urine as DNOC. There was no significant difference between the amounts recovered from the dogs and from rabbits despite the more rapid fall in the blood level that is observed in the rabbit.
In access to food, and under-fed rats when the dose of DNOC given was adjusted to their body weight. Alcohol was given to rats as a 10% solution as their sole source of fluid for three days before and immediately after the injection of 20 mg. per kg. DNOC. The toxic action and rate of recovery from the effects of the DNOC were not affected. Rejsek (1947) has stated that in man, alcohol may cause a recrudescence of the symptoms of poisoning after meta-dinitrobenzene. Although dinitrobenzene does not resemble DNOC in its mode of action, it was thought possible that alcohol may affect adversely poisoning with aromatic nitro-derivatives, in general. An experiment similar to that Rejsek was tried with rats that had received a toxic dose of DNOC. The rats were given 5 ml. of 6% alcohol by stomach tube one, two, and three days after the injection of DNOC. No symptoms other than those attributable to the alcohol were observed.
The effects of heat and cold were also examined. Tainter (1934) claimed that animals kept in the cold were less susceptible to the action of DNP. When the dose of DNOC just borders on the lethal dose this effect of cold is readily observed. As recorded above, it was found that deaths among groups of rats receiving a series of daily injections of 20 mg. per kg. DNOC were reduced from 310% in rats kept in a warm laboratory (Table 1) to between 8-5 and 3 6% when the animals were placed in a cool, draughty corridor.
The effects of greater extremes of heat and cold were also investigated. Rats were injected with various doses of DNOC and then placed in warm or cold rooms for the next four hours. Normal rats kept under the same conditions were not killed. The results are presented in Table 4 . The figures show that susceptibility was increased significantly when the animals were kept at 36 to 37°C. A significant degree of protection from the effects of larger doses was produced when the animals were kept at 5 to 10°C. Discussion The observations reported in this paper have been made for the most part on animals receiving a lethal or near-lethal dose of DNOC. These doses rapidly produce a severe disturbance of the general metabolism which either proves fatal or else it is completely reversed within a few hours. Such a syndrome of acute poisoning can be produced An increase in the respiratory rate is a constant feature of poisoning by DNOC, and this persists even while the animal is prostrate. Complete prostration was seen constantly in animals injected with a dose of 20 mg. per kg. DNOC, and in these animals only the respiratory muscles and the heart were apparently capable of functioning at the time when poisoning was most severe. Hyperpyrexia is an incidental, but by no means an essential, feature of intoxication by DNOC in rats. Death, when it occurs, appears to result from an acute failure of muscular activity. The animals become prostrate, with rapid, panting respiration. If they are observed carefully it will be found that the skeletal muscles become stiff just before the animal dies. Respiratory and cardiac activity cease simultaneously, and at the moment of death muscular rigidity is complete. An explanation of this sequence of muscular paralysis followed by rigidity can be sought in the recent biochemical studies of the action of DNOC. It has long been recognized that a characteristic action of DNOC on living cells is to increase the intake of oxygen, and this has been found not only in all mammals and birds, but also in preparations as diverse as mitochondria (Loomis and Lipmann, 1948) ; tissue slices (Alwall, 1936) ; sea urchin eggs (Crane and Keltch, 1949) ; and bees (Goble and Patton, 1946) . Loomis and Lipmann (1948) The rapid recovery from the effects of DNOC, and the fact that cumulative poisoning does not occur unless the consecutive doses are given within a few hours of each other, suggests that the animal is able to get rid of DNOC rapidly. Only a very small part of the injected DNOC is excreted in the urine, and the conclusion can be drawn that the DNOC must be converted in the body into some inactive material. It is known that the reduction of one of the two nitro groups of DNOC will result in a compound devoid of all the metabolic stimulating properties of DNOC. Homogenized preparations of the liver and kidney will reduce DNOC in vitro (Parker, to be published). When an animal has been killed with DNOC, the compound disappears rapidly from the liver after death, but much more slowly from the blood. It is possible that some of the DNOC is reduced in the tissues where it actually exerts its effect upon metabolism, and this is probably the large muscle mass of the body which is so profoundly affected in DNOC poisoning.
Chronic poisoning by DNOC has not been observed in experimental animals, although in the dog, cat, and rat appreciable quantities of DNOC may persist in the blood for several days after a single sublethal dose. These animals do not seem to be any more susceptible to DNOC when the interval between injections is 24 hours. As many as 40 consecutive doses have been administered and under these conditions there is no progressive accumulation of DNOC in the blood. If the doses are spaced closely enough, as with hourly injections, the effects of small doses can be cumulative. The statement that DNOC has no chronic effects is therefore relative, and is used in the usual sense of effects produced days or weeks after the original exposure.
The relevance of these findings to DNOC poisoning in man is difficult to assess. The symptoms of acute poisoning in animals closely resemble those reported in man, and the muscular rigidity that comes on immediately after death in animals has been found in human fatalities (Malter, 1949) . The question whether in man the toxic effects of one day's absorption of DNOC can be carried over to the next day cannot be answered by animal experiments, although these suggest that this chronic effect is unlikely. The need for information on the blood level of DNOC in man in the days following the absorption of a non-fatal dose is obvious, but the interpretation of such blood levels may be difficult. Animal experiments have shown that the persistence of DNOC in the blood at levels up to 45 ,Ag per ml. of serum does not appear to increase the susceptibility of the animal to a further sublethal dose. It is apparent that the relation between blood levels of DNOC and symptoms in man may not be simple, and that caution must be observed before any particular blood level is adopted as dangerous or critical. Summary
The toxic reactions of animals to injections of DNOC are described. A single dose approximating to a lethal dose produces an acute reaction lasting a few hours.
The same dose may be administered at daily intervals for several weeks without producing symptoms or signs of chronic poisoning. Administered at intervals of 24 hours, DNOC shows no cumulative effects nor do rats develop any tolerance towards it.
The blood and tissue levels of DNOC have been examined in rats and the blood levels in rats, rabbits, dogs, and cats after an injection of DNOC.
The effect of alcohol and environmental temperature on the susceptibility of rats have been examined. Small changes of environmental temperature may affect the mortality from a dose of DNOC that is just not lethal at ordinary room temperatures.
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